Abstract: Linear polyamides with high aliphatic content were prepared through step-heating melt polycondensation of tridecanedioic acid with various diamines. The synthesized polyamides were characterized comprehensively by means of IR, NMR and Raman spectroscopy. In addition, thermogravimetry, differential scanning calorimetry and dynamic mechanical analysis were used to investigate thermal properties of the obtained polyamides. It was found that melting and crystallization temperatures decrease as the aliphatic content increases. X-ray diffraction was applied to determine the crystal structures of the polyamides.
Introduction
Aliphatic polyamides are used widely in industry and studied comprehensively in the scientific field in virtue of their excellent properties such as high modulus, eminent toughness, abrasion resistance and good stability [1] [2] [3] . Such properties originate from the special hydrogen bond structure in the polyamide crystal [2, 4] . Different polyamides show dissimilar hydrogen bond arrangement. Even-even polyamides constitute hydrogen bonds completely between neighbouring molecular chains with extended methylene sequences. However, even-odd and odd-odd polyamides, except the (2N -1) (2N + 1) family, can only form a part of hydrogen bonds with alltrans conformation [5] [6] [7] [8] . On the other hand, odd-odd nylons form a polar hydrogenbonded network and exhibit ferroelectricity and piezoelectricity [9] . The hydrogen bonds in the polyamides play an important role not only in determining their crystal structures but also in affecting their overall performance. Recently, even-even polyamides containing long methylene segments between the diacid moiety have been investigated systematically [10] [11] [12] . Their melting temperatures decrease as the aliphatic content increases (Fig. 1) . These polyamides have a lower hydrogen bond concentration and, accordingly, present some prominent properties such as low melting point, low dielectric constant and worse water affinity compared with other polyamides. Therefore, other kinds of linear polyamides with high aliphatic content have been of interest for us.
In the past, polyamides containing tridecanedioic acid have not been investigated but nylons 6 13 and 13 13. Nylon 13 13 (N13 13) is the polyamide with the highest ali-1 phatic content and odd number CH 2 units [13] [14] [15] . The melting temperature reported for N13 13 is 170°C [15] , which is the lowest one in the odd-odd polyamides family. The melting temperature of polyamide 6 13 was found to be 210°C [16] . However, no glass transition temperature (T g ) has been reported for both nylons. In order to gain a systematic understanding of this series of polyamides, it is necessary to prepare novel polyamides based on brassylic acid. In this paper, nylons 11 13 (N11 13), 10 13 (N10 13), 9 13 (N9 13), 7 13 (N7 13), 6 13 (N6 13), 5 13 (N5 13) and 3 13 (N3 13) were synthesized to generate a fundamental understanding of the effect of the diamine on this polyamide series. Both even and odd methylenediamine segments were investigated.
Results and discussion

The preparation of polyamides N 13
The intrinsic viscosities of the prepared polyamides are listed in Tab. 1. The viscosityaverage molecular weights are derived from the Mark-Houwink equation [17] :
The intrinsic viscosity of the obtained polyamides changes from 0.42 to 0.88. The molecular weights calculated from the Mark-Houwink equation are in the range of 6.2·10 3 -2.3·10 4 ; N3 13 has a low molecular weight of 6200. It is the high volatility of diaminopropane that makes it difficult to produce N3 13 with high molecular weight by melt polycondensation.
Tab. 1. Polymerization temperatures, yields, intrinsic viscosity and viscosity-average molecular weights (M η ) of the prepared polyamides IR, Raman and NMR spectra approve the chemical structures of the synthesized polyamides. In the IR spectra, all the characteristic absorption bands of amide groups and methylene segments of the nylons under study are obtained [18] [19] : 3290 cm -1
(amide A, hydrogen-bonded NH stretching), 3080 cm -1 (amide B, overtone of amide II), 1640 cm -1 (amide I, CO stretching), 1540 cm -1 (amide II, CO-NH stretching and bending), 940 cm -1 (amide IV, C-CO stretching), 721 cm -1 (CH 2 rocking), 690 cm -1
(amide V, NH out of plane bending), and 580 cm -1 (amide VI, CO out of plane bending).
The CH 2 absorption bands at 2900 cm -1 and 1440 cm -1 are observed in the Raman spectra. In this series, the intensities of the absorption bands at 2900 cm -1 and 1440 cm -1 increase with methylene segment length between the amide groups [20] . 
Thermal properties of the obtained polyamides
The thermogravimetric analysis (TGA) data indicate good thermal stability for all the samples tested except N3 13. All the prepared polyamides have decomposition onset temperatures above 450°C except N3 13, which decomposes at 428°C. It is the lower molecular weight of N3 13 that leads to this relatively low temperature. A similar trend was observed for the peak decomposition temperatures, at which the highest weight loss is observed. Melting and crystallization temperatures (T m and T c ) of this series of polyamides are collected in Tab. 3. It is noted that the melting point of N6 13 is 189°C, which is lower than that reported by Perkins [16] . From N13 13 to N5 13, melting temperature increases from 170 to 191°C with decreasing number of CH 2 units in the diamine part for the odd-odd family. The concentration of hydrogen bonds exerts a great effect on the thermal properties of the polyamides under study such as melting and crystalli-4 zation temperature. Melting temperature of N3 13 is lower than that of N5 13 because of its relatively low molecular weight. It has been observed that melting temperatures of even-odd nylons do not fall between the adjacent odd-odd ones. For instance, T m values decrease for N10 13 > N9 13 > N11 13. This indicates that the thermal behaviour of even-odd nylons is different from that of odd-odd nylons due to the structure discrepancy between the two kinds of nylons. Crystallization temperatures of the odd-odd polyamides present a similar trend with the CH 2 units between the diamine segments. For N10 13 and N6 13, the crystallization temperatures are between the neighbouring odd-odd polyamides. The enthalpies of the synthesized polyamides are also presented in Tab. 3. For the odd-odd nylons, the enthalpies increase with decreasing methylene chain length except for N3 13. Fig. 2 presents the temperature-dependence of the storage moduli of the synthesized polyamides measured by dynamic mechanical analysis (DMA). N3 13 is too fragile to be measured in DMA due to the low molecular weight. The odd-odd nylons under consideration show relatively high modulus. The moduli of N11 13, N9 13, N7 13 and N5 13 increase in turn as the CH 2 segment length in the diamine moiety decreases. The density of the hydrogen bonds in the odd-odd nylons exerts an obvious effect on their storage moduli. Compared with the odd-odd nylons, the even-odd nylons possess relative low storage moduli. Fig. 3 displays tan δ of the polyamides under study taken as a function of temperature. The obvious transition behaviour is found at around 30°C, indicating the α relaxation of the polyamides, which is the glass transition temperature (T g ) [21] . The hydrogen bond concentration of the polyamides plays a little role because they reflect the motion of the methylene segments between the amide groups and have little relation with the content of the hydrogen bonds. Maybe the molecular chains become twisted in the γ-form of odd-odd nylons and confine the motion of methylene segments between the amide groups. This leads to the same glass transition temperature of the prepared odd-odd nylons. 
Structural analysis by wide-angle X-ray diffraction (WAXD)
According to the previous study by Kinoshita, polyamides containing an odd number of CH 2 units between the amide groups present a near-hexagonal unit cell, which gives a single diffraction at 0.42 nm in the X-ray curves [8] . The X-ray patterns of the polyamides prepared are shown in Fig. 4 . Two kinds of diffraction curves were observed in our results. With the exception of N6 13, the prepared polyamides show a single diffraction at 0.42 nm typical of a near-hexagonal lattice. This is similar to the reported crystal structure of nylon 13 13 , which is the near-hexagonal lattice (mono-clinic unit cell) with the parameters: a = 0.488 nm, b = 0.473 nm, c = 3.40 nm, α = β = 90°, γ = 121°. N6 13 presents two distinct diffractions at 0.44 and 0.38 nm, which are similar to the diffractions of polyamide 65 [22] . The model of a monoclinic lattice with hydrogen bond network running in two directions was proposed to explain the crystal structure of polyamide 65. N6 13 possesses a monoclinic phase different from the near-hexagonal form shown by other polyamides under study. It is interesting that N6 13 shows a crystal structure different from N10 13, though they have a similar chemical structure in the even-odd polyamide series. Maybe, the length of the methylene sequence in the diamine moiety has a great effect on the crystal structure of even-odd polyamides.
Conclusion
Polyamides containing tridecanedioic acid have been synthesized and characterized. Odd-odd and even-odd polyamides were included to contrast the effect of odd and even numbers of CH 2 in the diamine segment. The thermal properties show a continuation of the trends observed for polyamides with lower aliphatic content, i.e., melting and crystallization temperatures decrease as the aliphatic content increases. Glass transition temperatures of the polyamides under study are around 30°C. The WAXD data indicate that all obtained odd-odd polyamides possess a near-hexagonal crystal structure. Concerning the even-odd polyamides under consideration, N10 13 has a near-hexagonal phase while N6 13 displayed a monoclinic unit cell.
Experimental part
Materials 1,11-Diaminoundecane was received from Tokyo Kasei Kogyo. Tridecanedioic acid, 1,9-diaminononane, 1,7-diaminoheptane, 1,5-diaminopentane and 1,3-diaminopropane were purchased from Acros Organics. Ethyl alcohol abs. was obtained from Shanghai Chemical Reagent Company. All the materials were used as received.
Synthesis
N11 13 was synthesized via a two-step procedure of salt formation and melt polycondensation (Scheme 1) as follows:
Tridecanedioic acid was dissolved in absolute alcohol at 40°C and was added slowly into absolute alcohol solution of 1,11-diaminoundecane with vigorous stirring. The white salt of the diamine and the diacid precipitated immediately. The mixture was stirred for 30 min at 40°C and cooled to room temperature. Then the salt was filtered and washed with absolute alcohol repeatedly before it was dried in a vacuum desiccator overnight. Finally, the salt was obtained as white powder.
The dried salt was filled into a tailor-made glass tube and a 0.5% excess of 1,11-undecanediamine was added to compensate for the volatilisation during polymerization. The glass tube was fitted into the autoclave, which was evacuated and flushed three times with nitrogen. Subsequently, the autoclave was heated to 160°C (T 1 ) under a nitrogen pressure of 10 atm. The polycondensation reaction started. After 2 h, the reaction temperature was increased to 180°C (T 2 ) and was kept for another 2 h with the nitrogen pressure decreasing to 5 atm. The last step of the polymerization was carried out at 190°C (T 3 ) after the autoclave was evacuated to 40 Pa. 2 h later, the autoclave was cooled to room temperature and the reaction was stopped. An ivorywhite product was obtained.
Other nylons were prepared according to similar procedures in which the polymerization temperatures were different for the prepared nylons. Tab. 1 shows the reaction temperatures applied for the syntheses of the nylons in our study.
Characterization
IR measurements were carried out with a Perkin-Elmer Paragon 1000 PC Fourier transform infrared spectrometer with a resolution of 4 cm -1 . Raman spectra were collected on a Bruker Equinox-55 Raman spectrometer.
1 H NMR spectra were obtained with a Varian Mercury Plus spectrometer at 400.155 MHz while 13 C NMR spectra were measured at 100.626 MHz with trifluoroacetic acid used as the solvent. Intrinsic viscosity in dichloroacetic acid was determined in an Ubbelohde viscometer at 25 ± 0.1°C. DSC curves were recorded on a Perkin-Elmer Pyris-1 differential scanning calorimeter calibrated with indium at a rate of 10°C/min. In order to avoid an effect of the preparation conditions of the polyamides under consideration on their melting and crystallization temperatures, the samples were heated to 220°C to melt completely, cooled down to room temperature and then heated to melt again. Thermogravimetric analysis was performed on a Perkin-Elmer TGA-7 thermobalance with a heating rate of 20°C/min; nitrogen was used as the purge gas. Dynamic mechanical analysis was performed on a RSI Orchestrator at a strain of 0.01% and a frequency of 1 Hz. WAXD measurements were carried out on a Rigaku Dmax-rc X-ray diffractometer at 40 kV and 50 mA. Ni-filtered Cu-K α radiation was used. Samples for WAXD were prepared by melting and crystallization.
